We have developed, validated, and employed a technique of retrospective spatial alignment and inte grated display of positron emission tomographic (PET) and high-resolution magnetic resonance (MR) brain im ages. The method was designed to improve the anatomi cal evaluation of functional images obtained from single subjects. In the first computational step, alignment of PET and MR data sets is achieved by iteratively matching in three orthogonal views the outermost scalp contours derived from front-to-back projections of each data set. This procedure avoids true three-dimensional modeling, runs without user interaction, and tolerates missing parts of the head circumference in the image volume, as usually the case with PET. Thereafter, high-resolution MR sec tions corresponding to the PET slices are reconstructed from the spatially transformed MR data. In a phantom study of this method, PET/MR alignment of the phan tom's surface was accurate with average residual misfits Abbreviations used: FLASH, volumetric fast, low-angle shot magnetic resonance sequence; FTBP, front-to-back projection; FWHM, full width at half-maximum; MR, magnetic resonance; PET, positron emission tomography; rCBF, regional cerebral blood flow; ROI, region of interest.
A variety of methods have been described for the anatomical analysis of positron emission tomo graphic (PET) images of the brain. Two principal approaches currently exist, each having its advan tages and disadvantages: Indirect methods evaluate PET images according to an anatomical standard reference, usually a brain atlas (Bohm et aI., 1983 (Bohm et aI., , 1991 Fox et aI., 1985; Evans et aI., 1988 Evans et aI., , 1991 Dann et al., 1989; Friston et aI., 1989; Greitz et al., of 2.17 to 2.32 mm as determined in three orthogonal planes. In-plane alignment of the phantom's insertion holes was accurate with an average residual misfit of 2.30 mm. In vivo application in six subjects allowed the indi vidual anatomical localization of regional CBF (rCBF) responses obtained during unilateral manual exploration. In each subject, the maxima of the rCBF activations in the hand area were precisely allocated to gray matter in the anterior or posterior wall of the central sulcus. The configuration of the rCBF responses closely followed the gyral structures. The technique provided a better topo graphical understanding of rCBF changes in subtraction images of PET activation studies. It opens the perspec tive for studies of structural-functional relationships in individual subjects. Key Words: Brain anatomy Computer-assisted image processing-Magnetic reso nance imaging-Motor activity-Emission computed to mography. 1991). In contrast, direct localization techniques merge PET with high-resolution structural data from the same subject serving as an individual an atomical matrix (Pelizzari et aI., 1989; Alpert et aI., 1990; Steinmetz et aI., 1991a) . A particular advan tage of the atlas approach is that, following anatom ical standardization of individual image data, it pro vides a coordinate space for between-subject aver aging and thus allows anatomofunctional group studies on a pixel-by-pixel basis. Such studies have been especially productive in identifying regional CBF (rCBF) correlates of sensation, motor, or cog nitive performance (Fox et aI., 1986 (Fox et aI., , 1987 Petersen et aI., 1988; Posner et aI., 1988; Lueck et aI., 1989; Seitz et aI., 1990b Seitz et aI., , 1991b Chollet et aI., 1991; Pardo et aI., 1991; Wise et aI., 1991; Seitz and Roland, 1992) . However, two problems are inherent in brain atlases: (i) their application is limited in patients with structurally altered brains, and (ii) even in nor mal subjects, anatomical standardization cannot fully compensate for the mismatch between an in dividual brain and the atlas reference, due to vari ation in brain size, shape, and gyral pattern (Talair ach et al. 1967; Steinmetz et al., 1989a Steinmetz et al., , 1990a Seitz et al., 1990a; Steinmetz and Seitz, 1991) . Therefore, the alternative approach of using structural and functional information from the same person may appear to be preferable in patients with brain tu mors (Levin et al., 1989) , in studying functional plasticity after stroke (Seitz et al., 1991a) , or in the evaluation of normal between-subject variability as a factor in group studies (Steinmetz and Seitz, 1991) . This article describes a technique capable of accurately incorporating individual high-resolution magnetic resonance (MR) images in PET data, thus combining the unique features of both modalities.
METHODS

PET
All PET examinations were carried out with the SCAN DITRONIX PC-4096/15WB PET camera providing an op timal spatial resolution (full-width at half-maximum, FWHM) of 5 .50 mm in the center of view. For attenuation correction, a transmission scan was obtained prior to the emission measurements using a rotating 68Ge pin source. All PET data sets had the following format: 15 slices, 6.50-mm slice distance, 128 x 128 image matrix, 2.00 x 2.00 mm pixel size, 16-bit gray scale. The images were reconstructed by filtered backprojection using a 6-mm Hanning filter (FWHM) providing an in-plane resolution of 9 mm (FWHM) and an axial resolution of 8 mm (FWHM) (Rota Kops et al., 1990) .
MR imaging
This was performed on a 1.5 T superconducting system (SIEMENS Magnetom) using a circularly polarized head coil and a fast, low-angle shot (three-dimensional FLASH) gradient echo MR sequence (Frahm et aI., 1986; Filipek et aI., 1989; Steinmetz et aI., 1989b) . Technical factors of the three-dimensional FLASH sequence were 40-ms repetition time, 5-ms echo time, 40° flip angle, 15to 20-cm slab thickness, 128 partitions, 255 x 255 mm field of view, 256 x 256 image matrix, and 22 min mea suring time (Steinmetz and Huang, 1991) . Thus, the MR data had the following formats: 128 contiguous slices with 1.17 to 1.56 mm thickness (sagittal slice orientation), 1.00 x 1.00 mm pixel size, 12-bit gray scale.
PET/MR alignment
Prior to spatial alignment, the PET and MR image ma trices had to be adapted. This was achieved by copying each PET pixel into a 2 x 2 pixel array and linearly in terpolating the PET slices in the Z axis, resulting in iden tical PET and MR voxel sizes. Both data sets were then scaled to 8 bits. In each image modality, three-dimen sional orientation of the head was described by front-to back projections (FTBPs) (Tuy and Tuy, 1984; Frieder et aI., 1985) of the scalp surface onto three orthogonal J Cereb Blood Flow Metab, Vol. 12, No. 6, 1992 planes corresponding to planes XY, YZ, and XZ of a car tesian coordinate system (Fig. I) . The FTBPs of the PET data were derived from the transmission scans. The threshold for identifying the scalp surface was set at 20% of the maximal gray value in all PET and MR images obtained from the patients or the phantom. U sing all im age pixels with a gray value greater than zero in the FTBPs, a two-dimensional contour of the outermost scalp surface was calculated from each FTBP. This was done by dilating the original FTBP by one pixel and subtracting the original from the dilated image, leaving a one-pixel wide object outline. These two-dimensional outlines (ob tained from three projections of both the PET and MR data set) served as the sole references for subsequent three-dimensional alignment (Fig. 2) .
To align the two data sets (Fig. 2) , the following algo rithm was applied to the FTBP-derived head contours ( Figs. 3 and 4 ). The intersections with the contours of 180 rays from the center of the image matrix were deter mined. The angles between neighboring rays were 2°.
Along each ray, the euclidean distance [d� = (XiPET -XiMR)2 + (YiPET -YiMR)2j between the ray's intersections with the two contours was measured. These distances were averaged for all rays intersecting curved segments of both contours (Fig. 3 ). This average was minimized using a nonlinear algorithm (Jacob, 1982) , thus resulting in a least-squares fit. Thereby, the optimal two-dimen sional transformation parameters (one two-dimensional translation vector and one angle of rotation) were deter mined for each of the three projections. Using these, the optimal three-dimensional transformation parameters (one three-dimensional translation vector and three an gles of rotation) were calculated. They were stored to gether with the average surface misalignment for each projection (Fig. 3) , representing a measure for the accu racy of the three-dimensional surface fit. This process continued until four consecutive iterations failed to im prove the fit. The MR data set was then spatially aligned with the PET data set applying the three-dimensional pa rameters (Fig. 2) .
The algorithm was implemented on an AT-386 MS DOS computer, being the host of a graphics station (Mi pron KAT 386, KONTRON BILDANALYSE) to which the PET and MR data were transferred. Image processing was done on an array processor that had access to 32 MB of image memory. The entire program ran without user interaction and was accelerated by the graphic primitives delivered with the workstation. All software of our own design has been written in Microsoft C 5.1 and ran on the AT-386. dimensional transformation parameters for one projection (lateral); the same procedure is also applied to the other pro jections (frontal and transaxial), thus providing all necessary information for subsequent three-dimensional transforma tion as shown in Fig. 2 . d is the euclidean distance between head contours measured along 180 rays originating from the center of the image matrix. Distances (d) are averaged for all rays intersecting curved segments of both contours. For each projection, the average misalignment between the two data sets is expressed as (1/n) 2: d; data. Each of these MR sections coincided with the cen ter of a PET slice, thus allowing superimposition of re gions defined in PET images on corresponding MR sec tions. High spatial resolution of the MR technique em ployed here permitted image reconstructions in arbitrary planes without significant loss of resolution. This method and its use for anatomical mapping and identification of cortical structures have been described elsewhere (Stein metz et aI., 1989b; Steinmetz and Huang, 1991) .
Integrated image display
Validation study
We studied the accuracy of the PET/MR matching pro cedure using the head of the Alderson "average man" phantom (Alderson et aI., 1962; Pelizzari et aI., 1989) . This anthropomorphic phantom contains a human skull embedded in rigid plastic material that is cut transaxially into 2.5 cm-thick slices. Insertion holes of 5-mm diameter are drilled through in a 3-cm rectangular grid array, run ning parallel to the axis from the lower surface of the uppermost slice down through the skull base. The phan tom was examined with PET and MR. Its position in the scanners varied between these investigations. Insertion holes were filled with water for MR and 68Ga for PET. For the MR examination, the entire phantom was im mersed in water; the MR slice thickness was 1.56 mm (sagittal slice orientation). The remaining in-plane mis alignment after PET/MR matching was calculated as the average misfit of the centers of the insertion holes on transaxial PET and MR slices [misfit measured in the transverse (X) and sagittal (Y) direction and averaged across all slices and all holes filled with water or 68Ga]. In addition, three-dimensional performance of the matching procedure was assessed by calculating the average mis alignments in the XY, XZ, and YZ planes of the phan tom's outer contours as visualized on the FTBPs (Fig. 3) .
In vivo application
Patients. We studied six patients (age range of 35 to 55 years) 16 to 50 weeks after a strictly subcortical, first ever, ischemic stroke involving primary motor and so matosensory hand functions. All patients had recovered from an initially severe hand motor deficit (Medical Re search Council grades 0-1) lasting for at least 2 days and were able to perform a sensorimotor exploration task with the affected hand (see below) as assessed clinically prior to the imaging studies. Written informed consent was obtained in accordance with guidelines approved by the Ethics Committee of the Heinrich-Heine-University Dusseldorf and the Declaration of Human Rights, Hel sinki 1975.
MR study. During the MR examination, the head was fixed with plastic clamps mounted to the head coil. The slice thickness varied between patients (range: 1.17 to 1.40 mm; sagittal slice orientation) depending on the max imal individual transverse head diameter. The MR data were transferred to the Mipron workstation (see above) for further analysis.
PET study. During the PET examinations, the patients were comfortably placed on the bed of the PET camera, supported by soft pillows. The head was positioned in an evacuable, individually molded cushion containing small polysterene balls and tightly fixed with plaster ribbon to prevent movement. Using marks drawn on the skin and the scanner's alignment laser before and after each scan, the occurrence of visible head movements could be ex cluded in all cases. The eyes of the patients were covered with cotton wool pads. There was only ambient noise originating from the cooling fans of the PET camera and the wobbling mechanics. All personnel had fixed posi tions and speech was prohibited. The patients were stud ied during rest (one scan) and during stimulation (one scan) with the following somatosensory discrimination task previously described and evaluated in six normal subjects (Seitz et aI., 1991b) . They were instructed to explore rectangular parallelepiped a by finger move ments of the affected hand. These objects differed only in their oblongness and were presented in sequential pairs. The patients were requested to discriminate whether the second object was more oblong than the first and, in that case, to raise the thumb of the exploring hand. These responses were recorded. In the previous, atlas-based study of this task (Seitz et aI., 1991b) , the maximal task-induced rCBF increases occurred in the primary sensorimotor hand areas around the central sul cus and in the premotor area contralateral to the explor ing hand.
The rCBF was measured using an intravenous bolus injection of 50 mCi of [150]butanol for each scan. The radiochemical synthesis of [150]butanol and its use for CBF measurements have recently been described by Ber ridge et al. (1990, 1991) . The count rates in the brain were integrated over 40 s according to the autoradiographic approach of Herscovitch et al. (1983) and reconstructed with a 6-mm Hanning filter. The global mean CBF calcu- Vol. 12, No. 6, 1992 lated from total regions of interest (ROIs) of the 15 PET slices was normalized to 50 ml 100 g -1 min -I to com pensate for global CBF variations. Thereafter, pixel-by pixel subtractions of the images obtained during stimula tion and rest were performed to measure task-specific rCBF changes. For quantitative evaluation, the PET im ages were transferred to the Mipron workstation (see above). Task-specific rCBF changes were identified in each individual as described elsewhere (Knorr et aI., un published observations). In brief, all activity changes in the PET subtraction images were outlined by 30% iso contours. Each of these activity changes was described by a 'Y distribution according to the maximal value and spatial extent (large areas with high peak values were assigned to values close to 1.0). Regional CBF changes with a probability of error <0.01 for maximal value and spatial extent were considered to be task specific. These rCBF changes were mapped on corresponding MR im ages as described above.
RESULTS
Validation study
Spatial alignment of PET and MR phantom data required computation times between 5 and 10 min without user interaction. The integrated display of transaxial PET and MR slices (Fig. 5) Fig. 6 gives an example of one error measure ment in the sagittal (Y) direction]. The average mis fit of the outer, FTBP-derived contour of the phan tom was 2. 17 mm in the transaxial plane. Thus, the average in-plane PET/MR misalignment corre sponded roughly to the size of one PET image pixel (2.00 x 2.00 mm).
slices [
In the XZ and YZ planes, the average remaining misfits of the outer, FTBP-derived contours of the head phantom (Fig. 3 ) were 2.2 1 and 2.32 mm, respectively. Thus, the accuracy of the matching procedure in these dimensions paralleled its in plane accuracy.
In vivo application
Spatial alignment of in vivo PET and MR data required computation times between 6 and 12 min without user interaction. The algorithm converged successfully in all cases. As in the phantom study, the method was robust in that missing parts of the head circumference, such as the most apical portion of the cranial convexity in PET data sets (Figs. 1 and 2), were tolerated.
In each patient, integrated PET/MR analysis re vealed distinct locations of task-specific rCBF re sponses during unilateral sensorimotor discrimina tion in the contralateral precentral and postcentral gyrus adjacent to the central sulcus. The maxima of these rCBF responses coincided with gray matter in the sulcal walls (Fig. 7) . Other activation sites oc curred in contralateral premo tor , contralateral an- of one pixel. The misfit between the peak and inverted peak corresponds to the side length of one image pixel (2.00 mm).
Note that average misalignment values reported in the Re sults section are based on multiple measurements of this kind performed in two perpendicular directions.
terior parietal, and ipsilateral motor and somatosen sory cortex (Fig. 7 ).
DISCUSSION
We have described a procedure for the integrated analysis of PET and MR image data not requiring controlled head repositioning, use of stereotactic frames, other external markers, or the definition of anatomical standard references within the brain. As shown by the phantom study (Figs. 5 and 6), the accuracy of this method was on the order of 1 pixel of the PET modality. It was limited by poor spatial resolution of the PET images and will further im prove with this property, as indicated by a previous validation study of the same technique applied to high-resolution x-ray computed tomography and MR phantom data (Steinmetz et al., 199 1a) . Similar accuracy has been reported for the conceptually re lated though methodologically different method of Pelizzari et al. (1989) . However, their "head-hat" surface fitting is based on true three-dimensional head models generated by outlining the surface con tours on serial tomographic slices, whereas our technique employs iterative two-dimensional matching of the outermost, FTBP-derived two dimensional head contours as visible in three or thogonal projections ( Figs. 1 and 2) . Our method does not require user interaction. It is objective, fast, and allows the direct incorporation of fine grained structural information in PET images within single subjects (Fig. 7) .
It is now generally accepted that regional PET analysis requires anatomical reference systems (Bohm et al., 1983; Fox et al., 1985; Friston et al., 1989; Mazziotta et al., 1991) . Our data indicate that, by excluding the factor of intersubject anatomical variability, individual high-resolution MR images provide a better structural reference than brain at lases. In each of our six patients, foci of task specific rCBF increase during somatosensory dis crimination were accurately allocated to cortical structures known to be maximally active in this task (Fig. 7) (Seitz et al., 199 1b) . It is clear from Fig. 7 that an anterior-posterior mismatch of the central sulcus of only about 4 mm between a patient's brain and an atlas reference would have sufficed to inval idate our individual PET interpretations. It is also fair to say that misfits of this magnitude are the least to be expected with the available atlas systems (Fox et al., 1985; Friston et aI., 1989; Seitz et al., 1990a; Steinmetz and Seitz, 199 1) . Interindividual variabil ity in anteroposterior location of the central sulcus, for example, may range up to 1.5 cm with tradi tional stereotaxic systems (Talairach et al., 1967 ; The sulcus between these gyri is the central sul cus. Its anterior and posterior walls are known to be covered with primary motor or somatosensory cortex. B: The 30% isocontours (red) of ROls rep resenting task-specific rCBF increases in a PET subtraction image are superimposed on the cor responding MR section shown in A. The PET im age was obtained by pixel-by-pixel subtraction of adjusted mean rCBF at rest and during sensori motor discrimination with the right hand. The iso contours closely follow anatomical structures be longing to the precentral and postcentral gyrus in both hemispheres (compare with A). e: Pixel values of rCBF increase within the ROls outlined in B are superimposed on the MR image. Mean rCBF increases were 69.7% for the ROI in the right hemisphere, and 55.5% for the ROI in the left hemisphere. Maximal rCBF increases during task performance are displayed in red. They occur in the cortical walls of the central sulcus, corresponding to primary motor and somatosensory areas (compare with A). In con trast to normal subjects performing this task (Seitz et aI., 1991b) , this patient shows bilateral activation of motosensory cortex during movement of the stroke-affected hand, a pattern that has been described in previous studies of functional recovery from motor stroke (Chollet et aI., 1991; Seitz et aI., 1991a) . Steinmetz et ai., 1989a Steinmetz et ai., , 1990a Steinmetz and Seitz 1991) . Another problem of brain atlases has been that task-specific focal rCBF increases were fre quently allocated not to the cerebral surface but to deeper structures, presumably white matter of the reference brain (Seitz et ai., 1990b (Seitz et ai., , 1991b . In the present study, the maxima of all task-specific rCBF responses corresponded to sulcal walls.
Providing voxel volumes as small as 1 mm3, and excellent white matter-gray matter-CSF contrasts, the three-dimensional FLASH MR method used in this study has also been an ideal tool for in vivo brain morphometry (Filipek et ai., 1989; Steinmetz et ai., 1989b Steinmetz et ai., , 1990b Steinmetz et ai., , 1991b Steinmetz et ai., , 1992 Rademacher et ai., 1992) . Quantification of anatomic subcompart ments and incorporation of such morphometric data in PET will further improve the anatomical region alization of functional images.
